The antiferromagnetic ground state of the half-filled Hubbard model with the doubly degenerate orbital has been studied by using the slave-boson mean-field theory which was previously proposed by the present author. Numerical calculations for the simple cubic model have shown that the metal-insulator transition does not take place except at the vanishing interaction point, in strong contrast with its paramagnetic solution. The energy gap in the density of states of the antiferromagnetic insulator is much reduced by the effect of electron correlation. The exchange interaction J plays an important role in the antiferromagnetism: although for J = 0 the sublattice magnetic moment m in our theory is fairly smaller than m HFA obtained in the Hartree-Fock approximation, m for J/U > 0.2 (U: the Coulomb interaction) is increased to become comparable to m HFA . Surprisingly, the antiferromagnetic state is easily destroyed if a small, negative exchange interaction (J/U < −0.05) is introduced.
I. INTRODUCTION
Much progress has been made in our theoretical understanding on the effect of electron correlation in systems such as transition metals and high-T c materials. Most of the theoretical studies have been made for the single-band Hubbard model (SHM) 1−3 for its simplicity. Actual systems, however, inevitably have the orbital degeneracy. It is necessary to investigate the role of the orbital degeneracy and the effect of Hund-rule coupling due to the exchange interaction for a better understanding on strongly correlated systems.
In the last few years the Hubbard model with orbital degeneracy has been extensively studied by using various methods such as the Gutzwiller approximation (GA), 4−6 filled SHM:
(a) In the paramagnetic (P) state, the MI transition does not realized in the advanced theory going beyond the GA, 15, 16 except for the infinite dimensional case (d = ∞).
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(b) In the antiferromagnetic (AF) state, the MI transition occurs in neither d = 1, 2, nor 3 18 in the advanced theory, nor in d = ∞ even within the GA.
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These facts suggest that it is indispensable to take into account the antiferromagnetic state in discussing the MI transition in DHM.
One of the advantages of the slave-boson functional integral method over the GA is that it has the wider applicability than the GA. For example, we can deal with the system with the complicated magnetic structures such as the antiferromagnetic state, by using the Green's function formalism. We will study in this paper, the antiferromagnetic state of the DHM by employing our slave-boson mean-field theory, 7 in order to clarify the above-mentioned issue relevant to the MI transition and the roles of the degeneracy and the exchange interaction.
The paper is organized as follows: In the next Sec.II, we present a basic formulation of our slave-boson saddle-point approximation to deal with the antiferromagnetic state in the DHM, after briefly reviewing I. Numerical calculations for the simple-cubic lattice are presented in Sec.III. Section IV is devoted to conclusion and supplementary discussion.
II. FORMULATION
We adopt the Hubbard model with the arbitrary, orbital degeneracy D, whose Hamil-tonian is given by
where c imσ is an annihilation operator of an electron with an orbital index m and spin σ (=↑, ↓) on the lattice site i. The electron hopping is assumed to be allowed only between the same sub-band: t
where U and J are Coulomb and exchange interactions, respectively.
In I we employed the boson opertor intoduced by Dorin and Schlottman, 12 and used the static approximation to get the functional integral representation of the partition function given by
with
where the effective Hamiltonian is given by
In Eqs. (5)- (8),
field in the subband m at the site i, and m im (n im ) is the magnetic moment (electron number). The boson operator, b
i :
projects to the configuration of ℓ electrons with pairs of orbital and spin indices {mσ}.
Its full contraction, (b
i ), and partial contraction, (b
The empty state (e i ) and singly occupied one with a σ-spin electron (p imσ ) are expressed in terms of n im , m im and b
The expression for the functional integral given by eqs. (5)- (13) is a generalization of the single-band model to the degenerated-band model, 21) and it has a transparent physical meaning.
When we apply our slave-boson functional integral method developed in I to the DHM (D = 2), the functional integral becomes
In Eqs. (14)- (17), d i , t i and f i denote the states with double, triple and quadruple occupations, respectively. In particular for doubly occupied states, we take into account the three kinds of configurations: d i0 for a pair of electrons on the same orbital with opposite spin, d i1 on the different orbital with opposite spin, and d iσ on the different orbital with same spin σ.
The one-particle Green function, G(ε), in Eq. (17) is expressed by
where the effective Hamiltonian, H ef f , is given by
the band-narrowing factor, q ij mσ , being given by
In order to discuss the antiferromagnetic (AF) state, we divide the crystal into two sublattices, A and B. We assume that for the AF wave vector Q, the relation:
holds where ε k is the Fourier transform of the transfer integral, t ij . We take ξ im in Eq. (19) as the staggered field given by ξ im = ξ (−ξ) for i ∈ A (i ∈ B), the exchange fields in the two subbands being assumed to be the same. The magnitude of ξ will be determined by the variational condition, as will be shown shortly (Eq. (30)).
Since the effective transfer integral in Eq. (19) is expressed as a product form: 
After a simple calculation, we get Φ 2 given by
where q mσ is given by
The mean-field free energy is obtained from the saddle-point values of the integration variables for which the variational conditions yield the following simultaneous equations:
In Eqs. (27)- (35), R imσ and n imσ are given by
where the local densities of states at the site belonging to A and B sublattices are expressed
ρ 0 (ε) being the unperturbed density of states.
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III. NUMERICAL CALCULATIONS
Numerical calculations have been performed for the simple-cubic model with nearestneighbor hoppings t. Input parameters for our calculations are the non-interacting density of states, ρ 0 (ε), the Coulomb and exchange interactions, U and J, and the number of electrons per sub-band, n, which is unity for the half-filled case. We employed the approximate, analytic expression for ρ 0 (ε) of the simple-cubic lattice, given by The band-narrowing factor, q, is shown as a function of U in Fig.3 . In the P state, q monotonously decreases with increasing U as shown by the dotted curve, and it vanishes at U = U c = 12ε 0 = 4.019 where U c denotes the critical interaction for the MI transition.
4,6,7
On the contrary, the U dependence of q in the AF state is quite different from that in the P state. When U is increased from the zero value, q of the AF state gradually departs from that of the P state, and it has the minimum value of 0.837 at U = 1.4, above which q increases again. The effect of electron correlation on the band-narrowing factor is not considerable although its effect on the energy gap (or the exchange field) is significant.
The U-dependence of the occupancies is shown in Fig.4 . At U = 0 all the occupancies are 0.0625 (= 1/2 4 ). When U value is increased, only d ↑ considerably increases, approaching unity for U = ∞: d 0 (= d 1 ) and t ↑ have small peaks at U ∼ 1 but decrease for larger
U.
The U dependence of the ground-state energies, E, is shown in Fig.5 . The groundstate energy of the AF state (E AF ) calculated by the GA is not only lower than that of the P state (E P ) obtained by the GA but also lower than that of the AF state calculated by the HFA. The difference: ∆E = E AF (GA) − E AF (HFA) expresses the energy gain by including the effect of fluctuations, and its maximum value is −0.056 at U = 0.95. The HFA for the Néel state is a good description of the half-filled DHM in the limit of U = ∞.
B. Finite J Case
Next we introduce the exchange interaction, J, into our calculation. Figure 6 shows the sublattice magnetization as a function of U +J for various choices of the ratio: J/U = 0.1, 0.2 and 0.3. Note that the magnetization in the HFA is universal when it is plotted against U + J because its exchange field is given by ξ HFA = (1/2)(U + J)m HFA . As the value of J/U is increased, the sublattice magnetization is increased as expected. This fact is more clearly seen in Fig.7 , where the sublattice magnetization and the band-narrowing factor for U = 1.0 are plotted as a function of J. The sublattice magnetization of the GA, particularly near J = 0, is much increased when the J value is increased, although such an increase in m is realized also in the HFA result, but very small.
The interaction dependence of the band narrowing-factor is shown in Fig.8 . It was recently pointed out 6, 7 that, when J is finite, the first-order MI transition is realized in Figure 10 shows the ground-state energies, E AF (GA), E AF (HFA) and E P (GA), as a function of the interaction. We realized that E AF (GA) is the lowest among the three at any U investigated. The maximum difference of ∆E is −0.029 at U = 0.7.
IV. CONCLUSION AND DISCUSSION
To summarize, we have studied the antiferromagnetic ground state in the DHM, employing our slave-boson mean-field theory. 7 Numerical calculations have shown that the MI transition does not take place in the antiferromagnetic solution for the half-filled DHM.
This is in contrast with the result in its paramagnetic solution, 6,7 but is the same as the half-filled SHM, 21 as was discussed in the Introduction. Except at U = J = 0, the stable state is the antiferromagnetic insulator, whose energy gap is much reduced by electron correlation.
It is worth to make a brief comparison between the results of the DHM and SHM.
Dashed lines in Figs.1, 3, 6 and 8 show the interaction dependence of m, r and q of the SHM. 21 When we compare these results with the corresponding ones of the DHM, we notice that both the results are very similar provided the exchange interaction is not small; J/U > 0.2. When J is small, however, m, r and q in the DHM are fairly smaller than those in the SHM. Figure 7 shows that the exchange interaction effectively works to increase the magnitude of sublattice moment in the DHM.
In order to more investigate the role of the exchange interaction on antiferromagnetism in the DHM, we have repeated a numerical calculation for the negative J, although J is conventionally taken to be positive. We notice in Fig.7 that when the negative exchange interaction is included, the sublattice magnetization for U = 1.0 is considerably reduced and it disappears for J/U < −0.05. Figure 11 shows the sublattice magnetization and the band narrowing factor as a function of U + J for J/U = −0.02. When the interaction is increased, the magnetization first increases at U + J < 1.2 but decreases at larger interaction. Surprisingly the antiferromagnetic state disappears at U + J ≥ 2.1, which is in strong contrast with the HFA result shown by the dotted curve. Figure 12 and ↓-spin (dottedcurve) components in the HFA. 
